OBJECTIVES: The aim of the study was to simulate the effect of different bicuspid aortic valve configurations on the dynamic pressure distribution in the ascending aorta.
INTRODUCTION
A bicuspid aortic valve is a common congenital heart defect and strongly associated with ascending aortic aneurysm formation [1] [2] [3] . Although in the last few years the haemodynamic theory of aortic dilatation in patients with a bicuspid aortic valve seemed to be discounted by the theory of intrinsic aortic wall weakness, some recent publications suggest that the process of aortic dilatation is caused both by aortic wall pathologies and by abnormal haemodynamics [4] [5] [6] . It is known that bicuspid aortic valves may cause a high-speed jet-shaped flow, which results in high flow velocities in the vicinity of the ascending aortic wall [7] . In consequence, the wall shear stress is massively increased.
Furthermore, in case of a an irregularity developing within the wall, for example a starting lesion, parts of the jet flow are stopped by this irregularity leading to a conversion of kinetic energy into static pressure. This is basically described by the equation of Bernoulli [8] :
where P total is the overall total sum of pressure, P stat the static pressure (in our case the time-varying aortic pressure) and P dyn the dynamic pressure due to the kinetic energy of the moving blood. P grav is calculated from the product of density ρ, gravity constant g and height difference H between the measurement location and the actual point (negligible in the aspects discussed here). P dyn is calculated from blood density ρ and the square of the local blood velocity v. In the normal circulation, dynamic pressure would be rather negligible, compared with static pressure. In stenotic geometries, however, in which local velocity increases to several metres per second, dynamic pressure can grow to the same order of magnitude as the static pressure, due to the quadratic influence of velocity. The aim of the study was, therefore, to investigate the influence of bicuspid aortic valves on these velocity jets and the resulting dynamic pressure distribution in the ascending aorta in an experimental ex vivo model and the validation of these tests in a numerical simulation.
MATERIALS AND METHODS
Two complementary approaches were chosen. First, an experimental model based on an already established preparation of porcine aortas was used to measure the dynamic pressures exerted by normal aortic valves and valves modified to bicuspid opening characteristics. Afterwards, a numerical model was implemented to validate the experimental results and further to determine wall shear stress and wall tension, which were not accessible in the experimental setting.
Experimental model: preparing of aortic specimens
Segments of the thoracic aorta consisting of the aortic root to the mid descending aorta were harvested from adult domestic pigs. The pig aortas used were obtained from a European Unioncertified slaughterhouse. As such, animals were not sacrificed specifically for this study. The aortas were then washed with cold water and transported in a water container directly to the laboratory. The time between harvesting and start of preparation was 30-60 min. The porcine aorta is a good equivalent of the human aorta showing similar wall elasticity and anatomy. In every aortic specimen origins of coronary and intercostal arteries were closed using a 5.0 suture (Prolene®). We used an established classification of BAV in our experimental setting [9] . For constructing the bicuspid valve 3 two-stitch pledgeted 5.0 sutures were used for each aortic specimen. The function of the created bicuspid valve was proved by an endoscope camera (Storz®) (Fig. 1) . In 6 cases bicuspidalization was created between the left and the right coronary leaflets (Type 1). In another 6 cases bicuspidalization was created between the left and the non-coronary leaflets (Type 2). We did not go for the third type of bicuspidalization as we felt that for the proof of principle the two variants used were sufficient.
Two pressure catheters (Hellige®, Freiburg, Germany) were inserted via the supra-aortic branches and sewn to the aortic wall on the convexity and concavity in the mid ascending aorta (Figs 2 and 3) . After the measurements in the mock circulation described below, the bicuspidalization sutures were removed and further measurements were done in the regular tricuspid setting (NT) (n = 11).
Experimental set-up
As previously described, the circulation was driven by a pneumatically driven Vienna heart pump to mimic aortic flow and pressure [10] [11] [12] . A rubber tube, a damping fibre element and an adjustable resistor mimicked peripheral arterial impedance (Fig. 4) . The aortic annulus was sewn into a silicon ring of a driving chamber and the distal aorta was connected to a tube with adjustable resistance elements. Water was chosen as test fluid due to the unavoidable leakages of the preparation and the consequent necessity for continuous refill. In the numerical model (described below) it was proved that the difference in test fluid viscosity compared with blood was negligible for the results of dynamic pressure and the jet effects. After insertion of the aorta, the system was filled and deaired, and the circulation was started with a pumping frequency of 60 bpm. Pressure was steadily elevated using peripheral resistant elements to a target mean pressure of at least 90 mmHg at flow rates of at least 4.8 l/min. Under stable conditions data were recorded using pressure catheters (pvb®, Critical Care GmbH, Kirchseeon, Germany) and a custom-made Matlab® recording Software. The peripheral pressure in the aorta, the dynamic pressure in the pressure catheters as well as the circulatory flow were recorded for 30 s.
Statistical analysis
Data are reported as mean ± SD. The absolute difference between the pressures of the two pressure catheters was calculated for each measurement. This maximum difference occurred approximately in the peak of systole. After testing for normality of distribution, Student's t-test was performed using the SPSS 17 software (SPSS, Inc, Chicago, IL, USA). A two-sided P-value of <0.05 was considered statistically significant.
Numerical study
To validate the experimental results, the flow distribution in the human aorta was numerically assessed for the normal tricuspidal situation and the previously described two bicuspid aortic valve geometries (Type 1 and Type 2).
A numerical stiff grid model of the ventricular outflow tract, the open aortic valve and the aortic arch was digitized with 1.5 million cells. The orifice area of the bicuspid outflow tract was designed as a converging ellipse with diameters of 12 mm (major axis) and 10 mm (minor axis). The ascending aorta was geometrically designed as a bending and tapering tube with a maximum diameter of 21 mm. Blood was assumed to be a Newtonian liquid (constant viscosity), considering a mass density of 1050 kg/m 3 and a viscosity of 0.0035 Pa s. The pulsatile inlet profile used in the experimental set-up was digitized to serve as an inflow boundary condition. To attain the conditions of the experimental set-up, the cross sections of carotid artery, subclavian artery and brachiocephalic trunk were considered occluded. The cross section of the abdominal aorta was defined as a static pressure outlet ( pressure set to 0 Pa). Highly narrowed orifice areas support the onset of turbulent blood flow. To account for the probable onset of turbulent blood flow, heavily supported by narrowed orifice areas, turbulence modelling (Transition-SST-k-ω-solver of ANSYS®) was performed.
Besides the global velocity distribution, jet velocity and wall pressure were calculated. To take even the effect of the catheters in the in vitro setting into account, they were modelled as located in the symmetry plane of the aortic geometry.
RESULTS

Experimental model: general circulatory parameters
The mean peripheral pressure value was 94 ± 10 mmHg, the mean of minimal diastolic pressures 77 ± 11 mmHg and the mean of maximal systolic pressures 115 ± 10 mmHg in 30 s registration time. The mean flow was 5.2 ± 0.3 l/min. Values for each valve type are given in Table 1 .
Total pressure values in the ascending aorta
Results are given in Table 1 . The following total pressure values were recorded in the Type 1 setting: maximal total pressure on the convexity was 157 ± 18 mmHg and 164 ± 20 mmHg on the concavity. The Type 2 setting showed the following parameters: maximal total pressure on the convexity was 157 ± 9 mmHg and 148 ± 10 mmHg on the concavity. The NT setting showed values listed: maximal total pressure on the convexity was 160 ± 8 mmHg and 159 ± 9 mmHg on the concavity. The absolute difference in maximal total pressure between convexity and concavity of the aorta was significantly higher in the bicuspid aortic valve group (8 ± 3 mmHg) than in the tricuspid aortic valve group (1.0 ± 0.9 mmHg) (P < 0.001). A comparison of these values is shown in Fig. 5 .
Numerical study: dynamic and total pressure values in silico
Via an approximate averaging of pressure values on the surface of each catheter, pressure differences between convexity and concavity were calculated. Whereas a pressure difference of 2 mmHg in the tricuspid case is moderate, simulations in the Type 2 and Type 1 bicuspid cases revealed pressure differences of at least 8-10 and 20 mmHg, respectively (Fig. 6) . Depending on the angle of incidence, the orifice area and the cross-sectional location of the bicuspid valve and location of the catheters, even higher jet velocities yielding higher pressure differences could be provoked in the simulation.
DISCUSSION
As generally known, aortic valve pathology of various kinds may lead to altered haemodynamic patterns and therefore aortic wall stress distributions in the ascending aorta. Depending on the location and shape of the valve pathology, such jets can be directed either axially and then decelerated in the fluid or towards the aortic wall, causing a considerable elevation of wall shear stress [13] . The dynamic energy in blood increases with the square of velocity, which in case of wall irregularities or obstacles such as atherosclerotic plaque formations or other structural aortic wall disease may be converted into relevant static pressure respectively force. Whereas our experimental trial specimens with normal tricuspid configuration (NT) did not cause jets and did, as expected, not show a difference in dynamic pressure values between the convexity and the concavity of the aorta, bicuspid valves increased the maximal dynamic and therefore also the total pressure above the orifice of the aortic valve. These different pressure distributions near the aortic wall can cause heterogeneous flow patterns in the ascending aorta and may enhance the process of the aortic wall deterioration, especially in patients with inherent aortic wall disease.
The in silico numerical model was used to provide a conclusive scheme of the jet shape and to study the pressure effects of parameter variations under fixed boundary conditions. The model was kept intentionally simple (with fixed valve geometry and without elasticity effects. The pressure difference between convexity and concavity calculated in the numerical model agreed well with the experimental data-the effect even exceeded the experimentally shown phenomena. The relation between catheter position and pressure difference might be altered by many factors: eventual asymmetries of the jet positioned between the inner or outer aortic wall, the curvature of the wall, the aortic diameter and the orientation of the valve.
Further, it could be shown in simulations that with more extreme geometric assumptions in jet angle up to a threefold higher pressure difference between inner and outer circumference could be possible. With the given in vitro setting, however, a quantitative validation of such extreme conditions was achieved. However, qualitatively both methods show the effects of stenotic valve orifice area on the blood pressure distribution apparent in the ascending aorta.
Blood flow at the convexity may be hindered by developing lesions of the aortic wall, which in turn transforms dynamic pressure of the blood stream into static pressure acting onto disintegrated aortic tissue. An increased blood pressure in these regions, therefore, may be a potent factor for further development and propagation of the lesion, leading to aortic dissection and ascending aortic aneurysm. Higher blood pressure at the convexity of the ascending aortic wall leads to higher mechanical wall load in this region, which may influence accelerated tissue weakening processes. In case of already existing lesions, the elevated stagnation pressure would promote aortic dissections and subsequent aneurysms.
The main intention behind this study was to develop a better understanding of haemodynamic factors behind associated ascending aortic disease in bicuspid aortic valves. By bicuspidalizing tricuspid porcine aortic valves we simulated the two forms of bicuspid aortic valves with a raphe [14] . Interestingly, even this small effect was able to create significant pressure differences between the concavity and the convexity of the ascending aorta. So it might well be anticipated that when aortic valve disease progresses, the associated gradients across the valve might accelerate and perpetuate this mechanism.
A further important finding was that by increasing angulation of the ascending aorta in the numerical simulation, the pressure difference between concavity and convexity could be amplified. This is important as clinical observations do confirm that in acute aortic dissections angulation between the left ventricular outflow tract and the ascending aorta is more pronounced as it is the case in bicuspid aortic valves per se [15] . As a clinical consequence of our work, a stronger focus on parameters not having been decisive to date could be implemented. Furthermore, when noninvasive blood pressure measurements become routine, this approach might be helpful in identifying patients at risk of rapid progression of their ascending aortic pathology or the ones being at risk of acute aortic dissection. On the other hand, our findings have to be seen as they are, namely an experimental approximation of clinical situations that cannot be transferred into clinics in a one-to-one fashion. The main reason is the fact that the diversity and its reason for bicuspid aortic valves are numerous and a definite differentiation between inherited and haemodynamic reasons for ascending aortic dilatation is illusive.
Limitations of the study
This study encompasses of course all advantages, but also limitations of an ex vivo experimental study. Our experiment and the circulatory set-up are an approximation of the human blood circulation system, with highly reproducible flow conditions, but limited accuracy of the compliance of the outflow vessels, particularly the brachiocephalic trunk, which may lead to a minor exaggeration of pressure peaks. On the other hand, the use of a natural aorta with its natural elasticity did enormously reduce water hammer effects seen in stiff wall systems [16] . The used test fluid is non-Newtonian, which however has no relevant influence in the high-speed conditions of the aorta [17] . The experimental ex vivo model has its own limitations regarding the precision of the measurements. In our opinion, a comparison of the different bicuspid valve types would not deliver objective results. The detected pressure difference between the two common bicuspid valve types may be affected too much by the experimental set-up. We decided to include the rare BAV fusion into our study to avoid the inappropriate comparison between the most common BAV types. Further, the numerical model, which was used for validation of the experimental results, was kept rather simple to fit to the limited available computer power: The model assumed nonmoving valve leaflets, a stiff wall and an axisymmetric behaviour. This was considered certainly sufficient to prove the experiments, but should not be used per se for excessive interpretations of the aortic flow. The numerical results are provided as support of the in vitro model and the quality of the effect, not for absolute quantitative numbers.
Summarizing, in this hydrodynamic mock circulation model, we were able to demonstrate that bicuspid aortic valves are associated with significant pressure differences in different locations within the ascending aorta when compared with tricuspid aortic valves. These altered pressure distributions and, consecutively, flow patterns may further add to the understanding of aneurismal development in patients with bicuspid aortic valves and might serve to anticipate adverse aortic events due to a better knowledge of the underlying mechanisms.
APPENDIX. CONFERENCE DISSCUSSION
Dr E. Girdauskas (Bad Berka, Germany): Dr Juraszek and coauthors have performed this research in order to better define the role of haemodynamics in bicuspid aortopathy. The authors implemented two complementary models in order to analyse the distribution of dynamic pressure in the convexity versus concavity of the ascending aorta. Two different fusion forms of bicuspid valve were analysed with the regular tricuspid valve serving as a control. Both models consistently demonstrated a markedly uneven pressure distribution between concavity and convexity of the ascending aorta in the setting of bicuspid aortic valve as opposed to the tricuspid control. Moreover, this uneven pressure distribution was influenced by the fusion type of bicuspid aortic valve and the angulation between the left ventricular outflow tract and the ascending aorta. Whilst taking into account all the limitations of the experimental model which have been adequately addressed by the authors, these data demonstrate convincingly the role of flow-induced vascular remodelling in the development of bicuspid aortopathy. These results are in line with the recent rheological studies published by others.
My comments are intended only to add some details to this excellent study. First of all, different aortic dilatation patterns have been advocated in distinct bicuspid aortic valve fusion forms, as observed in surgical and echocardiographic follow-up studies. Larger root dimensions have been advocated in bicuspid patients with right and left coronary cusp fusion, whereas increased aortic arch diameters have been shown in right and noncoronary fusion. What do the authors think about this finding? Would the mock circulation model, as implemented in this study, allow for analysis of different aortic dilatation patterns in distinct bicuspid geometries? For this purpose, I think inclusion of right and nonfusion pattern, which is known to be the second most common geometric configuration of bicuspid valve, seems to me reasonable.
And secondly, the authors noticed that pressure difference between concavity and convexity could be exaggerated by modelling the angle of flow jet, the orifice area, and the geometric orientation of the bicuspid valve. Could the authors share some details with us on that issue and especially which geometric configuration of bicuspid valve was associated with the highest pressure difference between the inner and outer curvature. Did the authors observe a direct linear correlation between the decreasing orifice area of the bicuspid valve and the pressure difference between convexity and concavity?
Dr Juraszek: First, I would like to answer the question regarding the ex vivo model and the difference between the different types of bicuspid valves. As you know, working with an ex vivo porcine model has its borders. And in the beginning we tried to compare all these types of bicuspid valves and we also performed some cases of the right noncoronary valves. We came to the conclusion that this circulatory model was going too far and would not in fact achieve objective results. The only thing we were going to measure was the general difference between the tricuspid valves and the bicuspid valves. We think that the anatomy of the pig aorta, and especially of the pig aortic root, differs slightly from the human one. Finally, the size of the pressure-measuring catheters may influence this comparison and lead to a bias. Indeed, we tried it and we did not go further because we did not want to publish numbers which have a chance of bias.
The situation was similar for the numerical simulation. If the position of the orifice area is changed, the direction of the jet in the ascending aorta is changed too. If we would perform a more complex computer simulation and take into account different positions of the orifice area and different angles of the ascending aorta, we would achieve a more significant difference in the pressure residing in the ascending aorta. In the end, a more detailed study is necessary, including another experimental setup to further elaborate on this study.
